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Introduction
Heightened sensitivity to threat signals in interpersonal relationships and a misplaced trust in others are common vulnerabilities in Borderline Personality Disorder (BPD) (1) (2) (3) . Individuals with BPD are prone to judge others as more hostile (4) , are more likely to detect anger in ambiguous faces (5) , to recognize angry faces faster than healthy controls (6) , and to exhibit an elevated affective startle reflex (7) . BPD is also associated with greater mistrust of others, characterized by a response bias during trustworthiness appraisal (8, 9) . Furthermore, the emotional valence of a neutral face, i.e., the degree to which the face appears to be happy or angry, influences the visual assessment of trustworthiness in non-clinical individuals and has led to the hypothesis that appraisal of trustworthiness is actually an assessment of interpersonal threat (10) .
Thus, greater sensitivity to cues of interpersonal threat in BPD (11) (12) (13) may explain its association with elevated mistrust of others (8) .
The neural mechanisms of threat appraisal have been studied extensively, and, it is widely accepted that the amygdala is an integral part of the threat appraisal and response system (14) (15) (16) . The amygdala has also been proposed to be an important structure in the appraisal of trustworthiness (17) (18) (19) (20) . Bilateral lesions of the amygdala result in appraisals of elevated trustworthiness and approachability in both monkeys (21) and humans (17) . Faces judged to be untrustworthy are associated with greater amygdala activity than trustworthy faces (18) (19) (20) . Furthermore, after interpersonal betrayal, nasally administered oxytocin reduces amygdala activity, and preserves trust and cooperation (22) . These findings suggest that, in non-clinical adults, appraisal of trustworthiness involves the amygdala, and cues of interpersonal threat, such as expressions of anger or A C C E P T E D M A N U S C R I P T aggression, lead to an amygdala-based threat signal. By extension, greater mistrust of others in BPD may plausibly be a consequence of amygdala hyperactivity (8) . In fact, several studies have reported that individuals with BPD exhibit greater amygdala activation to a wide range of interpersonal and emotional stimuli compared to controls (23) (24) (25) (26) , though hypoactivation has also been reported (27) . However, though BPD has been associated with elevated amygdala activity to emotional stimuli and reduced interpersonal trust, a direct link between the elevated amygdala activity and impairment in trustworthiness appraisal has not been established. In the present study, facial expressions were systematically varied along the fearfulness or trustworthiness dimensions, and appraised by a BPD and a healthy control group. We tested the hypothesis that the response bias toward judging faces as untrustworthy, characteristic of BPD, will be correlated with amygdala hyperactivity. We also performed whole-brain analyses to determine whether other regions were related to trustworthiness appraisal deficits in BPD.
Methods and Materials
2.1 Participant Characteristics. All participants were female between the ages of 18 and 45 years; 17 were healthy controls and 16 had a DSM-IV diagnosis of BPD (28).
Participants were recruited via advertisements and referral through a large, metropolitan hospital as part of ongoing clinical studies in mood disorders, suicidal behavior, and BPD. None of those with BPD were taking psychotropic medications while participating in the study, though sixty percent had a history of use of psychiatric medication.
Exclusion criteria for the BPD group included a current major depressive episode, psychotic disorder, current substance use disorder, or a recent suicide attempt (in the last A C C E P T E D M A N U S C R I P T 6 months). The healthy control group was matched on demographics (age, ethnic/racial frequency, marital status), education level, and verbal IQ (the vocabulary subtest of the Wechsler Adult Intelligence Scale) (29) , and was assessed with semi-structured interview to rule out a history of psychiatric or substance use disorder. Institutional Review Boards at two institutions approved the study. Fifty-eight participants signed consent, and 43 completed all assessments and the fMRI scan. Table 1 interview, which asks participants whether they have experienced physical and sexual abuse before age 18. We assessed the number of prior suicide attempts from the Columbia Suicide History interview (34) . The Rejection Sensitivity Questionnaire was used to assess anxious anticipation and expectation of interpersonal rejection (35) (See Table 1 for clinical characteristics).
Trustworthiness-Fear Face Appraisal
Task. We utilized a task developed and validated by our group (8, 36) to measure an individual's capacity to make subtle discriminations between facial features that indicate potential interpersonal threats, expressions of fear and of trustworthiness. Trustworthy faces were male, computer generated avatars selected from the stimuli developed and psychometrically validated by Todorov and colleagues (37) . Facial fear stimuli were selected from the NimStim Face database (38) and identical to those used in Fertuck et al (8) . Subjective appraisal parameters were determined by fitting the behavioral data (i.e. rating versus % morph) to a logistic function of the form, (y = α + β/(1+ e -λ(x+50) ) where x is the morph percentage of the stimulus, y is the mean subjective rating, and the A C C E P T E D M A N U S C R I P T free parameters are α (the offset or bias), β (the scaling or sensitivity), and λ (the slope or discriminability) of the psychometric function. Each participant's responses were checked to confirm that they completed the tasks as instructed (i.e. that subjective responses were not random but showed a monotonically increasing relationship with morph value). From those participants who completed the fMRI task, 2 BPD participants were excluded due to corruption of the data, and 4 BPD and 4 control participants were excluded because their ratings of either the trust or fear stimuli indicated a lack of discrimination between the most and least untrustworthy or fearful stimuli. All results, then, were based on data from 16 BPD patients and 17 healthy controls. 
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analyses were performed using FEAT in MNI152 space at 2 mm isotropic resolution.
Voxel-wise activation thresholds were set at p = 0.05, correction for multiple comparisons was done using Gaussian Random Field Theory with a cluster threshold of p = 0.001. A whole brain mask was used to exclude voxels outside the brain.
For each functional run, a regression model was created assuming three neural processes: (1) an unmodulated process, (2) the subjective appraisal of the stimulus, and that do not differ between conditions). The appraisal regressor had an identical temporal structure to the unmodulated regressor but the height of each boxcar was proportional to the participant's subjective mean rating of the stimulus for the trust or fear decision. The quadratic regressor used an identical temporal structure to the appraisal regressor but with amplitude generated by demeaning the subject's ratings and taking the absolute value.
Trials with response times greater than 2.5 standard deviations outside the mean were excluded from the behavioral and imaging analyses. Each regressor was convolved with a custom HRF, which was individually estimated for each participant from their primary visual activity (40); custom HRFs have been shown to reduce both model error (41) and bias (42) relative to the canonical HRF. A fixed effects (2 nd level, within subject) and a mixed-effects (3 rd level, between subjects) analysis was done to compare patients with controls for the trust and fear appraisal regressors. We performed two ROI analyses of the amygdala. First, we created a mask by searching the Neurosynth database (43) 2.4.3 Assumptions. Our goal was to determine whether subjective appraisal of trustworthiness depends on threat signals generated by the amygdala. We assumed that fearfulness appraisal elicits threat signals in the amygdala and that any activity in the amygdala that increased with untrustworthiness would also represent a threat signal.
Given these assumptions, if our paradigm could generate threat signals in the amygdala using fearful stimuli, it should also be able to generate amygdala threat signals using untrustworthy stimuli. Furthermore, since BPD is associated with elevated sensitivity to social threat and a bias toward judging others as untrustworthy, BPD subjects should show elevated threat activity in the amygdala compared to controls using untrustworthy stimuli.
Results
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Consistent with our previous study (8) , the BPD group showed a response bias to judge faces as untrustworthy (t-test of bias: control, M = 1.6, SD = 0.15; BPD, M = 2.1, SD = 0.16, t(28) = 2.44, z=3.23, p = 0.02) and had a smaller dynamic range, or, sensitivity (t-test for scale: control, M = 3.08, SD = 0.41; BPD, M = 1.71, SD = 0.23, t(28) = 2.8, z=3.98, p < 0.01). Trustworthiness appraisal did not result in significant group differences in discriminability (Figure 1 ). Appraisal of fearfulness did not show any significant group differences for bias (p = 0.47), sensitivity (p = 0.14), or discriminability (p = 0.49). An analysis of variance showed that the BPD group exhibited longer RTs than controls ( Figure 1 ) for trustworthiness (rating, p = 0.002; group, p < 0.0001) and fearfulness (rating, p < 1x10 -6 ; group, p = 0.007), and no significant interactions.
To identify the neural structures associated with the two types of appraisals, we performed a whole brain analysis, regressing the appraisal ratings made by each subject on the BOLD data. Consistent with most fMRI studies of fear processing (44, 45) , both amygdalae were robustly modulated by subjective appraisals of the fearful stimuli -BOLD magnitude increased as a function of the subjective rating of intensity of the stimulus (Fig 2A; peak response, MNI: 24, -8, -14, Z = 3.83; -24, -4, -14, Z = 3.56; Supplementary Table 2 ). If the threat-related cues detected by the amygdala are also important for trustworthiness appraisal, then amygdala activity should be modulated by trustworthiness. However, the whole brain analysis showed no activity in the amygdala that was significantly modulated by stimulus trustworthiness (Fig 2B; Supplementary Table 2 ).
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Averaging across voxels can improve the signal to noise ratio; thus, we performed an ROI analysis of the amygdala using a mask generated on Neurosynth using the keyword "threat". In healthy controls, the mean activity of voxels within the mask showed robust amygdala modulation by subjective fear ratings (p = 0.01, d = 0.70) but contrary to previous work (18, 20) , no significant modulation by subjective trust ratings (p = 0.33, d = 0.25). In the BPD group, no significant activity was detected either by fear (p = 0.33, d = 0.25) or trust (p = 0.56, d = -0.15) ratings. Since BPD is associated with elevated sensitivity to interpersonal threats (4, 46) , if the amygdala were sensitive to untrustworthiness, then BPD subjects should show greater amygdala activation than controls as the stimuli become less trustworthy. However, a comparison of the two groups showed no significant difference between groups for trust (p = 0.26, d = 0.40) or fear (p = 0.33, d = 0.35).
Previous studies have suggested that the effect of trustworthiness appraisal on amygdala activity in healthy controls is best described by a quadratic relationship (19) (47, 48) . Though our controls showed a significant quadratic relationship for fear (p = 0.04, d = 0.53), no significant quadratic relationship for trust (p = 0.80, d = 0.06) was found. In the BPD group, the quadratic model was not significant for fear (p = 0.68, d = 0.18), but was significant for trust (p = 0.02, d = 0.65).
To determine whether the two tasks activate similar brain networks, we compared whole-brain activations (Fig 4A) . Fearfulness appraisal activated primarily sub-cortical regions, whereas trustworthiness appraisal was associated primarily with cortical activity.
To dissociate activity specific to fearfulness and trustworthiness appraisal from general decision-making activity related to stimulus intensity, we performed a contrast between
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task conditions (contrasting fearfulness > trustworthiness and trustworthiness > fearfulness on the appraisal regressor; Fig 4B) . Using a cluster threshold of p = 0.001, fearfulness > trustworthiness did not result in significant activations. However, because the amygdala nuclei are small structures, p = 0.001 may result in elevated Type II error in subcortical structures. At a cluster threshold of p = 0.05, fearfulness-specific activity was localized to subcortical regions, i.e., amygdala and ventral striatum (peak response, MNI:
22, -6, -8), consistent with the previous ROI analysis (i.e. Fig 2) . Moreover, even at a more liberal threshold, no fearfulness-specific activity in the cortex was detected. In contrast, trustworthiness-specific activity was present only in cortical regions, broadly distributed across posterior parietal cortex, and dorsolateral and mediolateral prefrontal cortex, and no spatial overlap of amygdala ( Supplementary Table 3 ).
Because BPD is associated with behavioral abnormalities in trustworthiness appraisal, we hypothesized that the trustworthiness-specific network (i.e. trustworthiness > fearfulness) would show activity differences between BPD and control subjects. We, thus, performed the following contrast: (trustworthiness > fearfulness) Control > (trustworthiness > fearfulness) BPD . BPD participants had lower trustworthiness-specific activity in prefrontal cortex (Fig 5A) , especially anterior insula and lateral PFC ( Supplementary Table 3 ). Finally, to determine whether these group differences were related to individual subjects' decision variables, we intersected voxels that showed activity specific for trustworthiness appraisal (Fig 4B, trustworthiness > fearfulness) with voxels that differed between groups (5A, (trustworthiness > fearfulness) Control > (trustworthiness > fearfulness) BPD ) and compared them to individual differences in response bias and sensitivity. The anterior insula and lateral PFC ( Fig 5B) activity was
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related to the degree of bias (r = 0.457, p = 0.007) and sensitivity (r = 0.597, p = 0.0005) impairment in trustworthiness appraisal (Fig 5C) , such that, the weaker the network activity, the greater the bias toward untrustworthy ratings and the smaller the range of responses.
Discussion
The amygdala is an integral part of the threat detection system in humans (14) (15) (16) , and to the extent that untrustworthy faces represent interpersonal threats, investigators have argued that the amygdala is integral to the appraisal of trustworthiness in nonclinical adults (18) (19) (20) . Furthermore, individuals with BPD have been shown to have response biases toward mistrusting others (8, 9, 49) and hyperactive responses of the amygdala to emotional stimuli (23) (24) (25) (26) . Our goal was to test whether amygdala hyperactivity could explain the response biases in BPD during the appraisal of trustworthiness (8, 9, 49) . Surprisingly, we found no relationship between trustworthiness appraisal and amygdala activity, and no difference in amygdala activity between BPD and control participants. Instead, trustworthiness appraisal deficits in BPD were associated with blunted prefrontal activity in anterior insula and lateral PFC compared to controls.
Evidence that trustworthiness activates the amygdala has been inconsistent.
Studies that categorically compared trustworthy versus untrustworthy stimuli typically find greater amygdala responses to untrustworthy faces (50) (51) (52) (53) . Similarly, some parametric studies have demonstrated that amygdala activity increases monotonically with untrustworthiness (18, 20) . However, others found a quadratic, not monotonic,
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relationship, between trustworthiness and amygdala responses (47, 48) . Contrary to these previous studies, we found no evidence that amygdala activity increases monotonically or quadratically with untrustworthiness in healthy controls. This lack of response was not due to sensitivity of our behavioral paradigm. In fact, consistent with our previous studies (8, 9, 49) , our behavioral data showed a sigmoidal relationship between stimulus and response, and a response bias in BPD for judging stimuli as less trustworthy, but not more fearful. Moreover, the trustworthiness-stimuli were psychometrically discriminable by both groups with a dynamic range similar to the fearful stimuli and the fearful stimuli elicited robust, bilateral amygdala responses that scaled parametrically with subjective intensity. This suggests that if trustworthiness decisions depended on threat-related amygdala activity, modulation of amygdala by trustworthiness would have been detectable with our paradigm.
Previous parametric studies focused mostly on "implicit," or sub-conscious, processing of trustworthiness, distracting subjects from the trustworthiness dimension with an irrelevant task (18, 20, 47) or using very short (200 ms) stimulus durations (48).
While implicit trustworthiness processing is commonly referred to as "trustworthiness decisions," it is not clear that any amygdala activity that is correlated with trustworthiness, but also lacks an associated behavioral response, actually represents a decision process. Instead, this activity is more likely to be related to low-level, perceptual processing (45, (54) (55) (56) (57) (58) (59) . In fact, trustworthiness has been shown to be decomposable into two perceptual factorsdominance and emotional valence, where emotional valence is expressed as facial features ranging from happy to angry (10, 60) .
However, while anger has been shown to represent a cue for untrustworthiness, a meta-
analysis of 105 imaging studies has not found it to reliably activate the amygdala (61) .
Moreover, because the amygdala generally responds to emotional faces (61) , even at subthreshold levels (45, (54) (55) (56) (57) (58) (59) , the implicit or rapid processing of trustworthiness by the amygdala may actually reflect the emotional valence detectable in the stimulus rather than the appraisal of trustworthiness per se.
Facial cues associated with low trustworthiness are not necessarily reliable or immediate expressions of threat, compared to reliable cues such as an image of a snake or a pointed gun. Rather, trustworthiness appraisal may be better conceptualized as a probabilistic prediction about the likelihood of interpersonal betrayal or exploitation by others. Probabilistic reasoning, especially in social contexts, has been associated with prefrontal cortical processing (62) (63) (64) . Our results show that trustworthiness is mediated by prefrontal cortical (posterior parietal cortex, anterior insula, and lateral PFC) activity and that trustworthiness appraisal deficits in BPD are also mediated by the same regions.
The trustworthiness appraisal impairments identified here may help elucidate mechanisms of turbulent relationships in BPD. Individuals with BPD maintain unstable interpersonal ties, as they oscillate between establishing new relationships and ending them (65) . Some of the most high risk diagnostic criteria of BPD such as self-injury, suicidality, intense and inappropriate anger, impulsivity, and heightened emotional sensitivity are mediated by the quality of interpersonal bonds between the person with BPD and significant others (66) . Facial expressions within in interpersonal contexts are salient stimuli, and can anticipate mistrust and the expectation of rejection (9, (67) (68) (69) .
Consequently, the trustworthiness appraisal impairments in BPD can increase their propensity interpersonal conflicts, lead to uncooperative exchanges in social interactions, Limitations. Without a psychiatric control group, the specificity of the trustworthiness impairment findings has yet to be established. However, we have published work using the same trustworthiness and fear tasks in a PTSD sample compared to a trauma-exposed/no PTSD control group and a healthy control group. The PTSD group showed a response bias toward judging stimuli as more trustworthy compared to the trauma-exposed controls (36) . This is opposite to our BPD findings, which show a bias toward less trustworthy appraisals, and suggests some clinical specificity of our results. Finally, although our BPD sample has relatively few co-
morbidities, the mean Global Assessment of Functioning (GAF) score of the group was 55.12, consistent with multi-site, longitudinal studies of BPD (73) and suggesting that our BPD group had comparable severity of illness.
Conclusions. In summary, we found no evidence of amygdala hyperactivity in BPD subjects during appraisal of trustworthiness. Our results show, however, that trustworthiness biases in BPD involve higher order prefrontal cortical regions.
Additionally, further study is needed to clarify impact of emotional expressions (e.g., appraisal of anger in facial stimuli may overlap with untrustworthiness perception) on trustworthiness appraisal and amygdala activity in BPD and comparison groups.  Current models of BPD may need to include a focus on improving impairments in frontally mediated trustworthiness appraisal in addition to amygdala-driven emotional hyper-reactivity. 
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